The transcription factor E2F1 plays a pivotal role in the coordinated expression of genes necessary for cell cycle progression and division (7) . Overexpression of E2F1 drives quiescent cells into S phase (17, 21, 24) . Ectopic expression of E2F1 also leads to apoptosis, which is specific to E2F1 and not other E2F family members (13, 34, 39) . E2F interacts with DP proteins to form a heterodimer and binds to DNA in a sequence-specific manner (12) . E2F-dependent transcriptional activation is principally regulated by interaction with a member of the retinoblastoma gene family (pRb) (11, 33, 43) . Furthermore, E2F-binding sites in a given promoter were shown to be regulated by different E2Fs in a cell cycle-dependent fashion (42) . Transcriptional studies in vitro have identified the existence of three types of E2F/pRb complexes (7) . In activator E2F complexes, the E2F transactivation domain drives transcription in the absence of pRb. In inhibited E2F/pRb complexes, the transactivation domain of E2F1 is blocked by bound pRb, rendering E2F transcriptionally inactive. In repressor E2F complexes, pRb is recruited to E2F-binding sites by E2F and inhibits promoter activation by E2F with or without further utilization of histone-modifying enzymes (2, 26, 35, 48) . During G 0 and early G 1 , pRb is hypophosphorylated and carries a stably bound E2F. In mid-G 1 pRb is inhibited by phosphorylation through cyclin-dependent kinases cdk4/6 and cdk2, liberating the inhibition of E2F activity (3) . Released E2F then activates cellular genes involved in DNA replication and cell cycle progression: cdk2, cdc2, cdc25A, cyclins E and A, histone H2A, c-myc, cdc6, B-myb, dihydrofolate reductase, thymidine kinase, pRb, E2F, and DNA polymerase ␣ (4, 15, 16, 30, 50) .
Very little is known about the function of E2F1 during development and differentiation of cardiomyocytes. Recently, it has been shown that adenovirus-mediated gene delivery of E2F1 or E1A induced DNA synthesis in isolated rat ventricular cardiomyocytes (19, 20, 44) . Ectopic expression of E2F1 in cardiomyocytes also resulted in an increase in the expression of key cell cycle activators and the induction of apoptosis, which was accompanied by concomitant loss of cyclin-dependent kinase inhibitors p21 CIP1 and p27 KIP1 (44) . To investigate the potential role of E2F1, which is expressed in the heart (44), a yeast-based, two-hybrid assay was used to screen for E2F-interacting proteins in a human adult heart cDNA library. By this approach, we identified GABP␥1 as an E2F1-binding protein. The ETS-related GA-binding protein GABP␥1 binds to GABP␣ and confers the ability to stimulate transcription in vitro (6, 37, 38, 41, 47) . GABP␣ was originally identified as a factor responsible for transcription from the adenovirus E4 promoter (46) . GABP is a target of the mitogen-activated protein kinase (5, 24) cascade and functions as a critical nuclear integrator of these ubiquitous signaling pathways (45) . Here we show that E2F1 and GABP␥1 interact in vivo as demonstrated by coimmunoprecipitation of endogenous proteins from cardiomyocyte extracts. In transiently transfected Saos-2 cells, GABP␥1 led to an enhanced E2F1-dependent transcriptional activation and repressed E2F1-mediated apoptosis. Moreover, GABP␥1 suppressed E2F1-dependent apoptosis by mechanisms other than the inhibition of the transactivation potential of E2F1. Our study suggests that factors other than pRb may also control E2F-dependent transactivation and apoptosis.
MATERIALS AND METHODS
Cell culture and transient transfections. Saos-2 and Cos-7 cells were obtained from the American Type Culture Collection and were grown in Dulbecco minimal essential medium/F12 medium (GIBCO) supplemented with antibiotics, L-glutamine, and 10% fetal calf serum (FCS) (GIBCO) in a humidified atmosphere of 5% CO 2 at 37°C. The Saccharomyces cerevisiae Y190 reporter host strain was maintained on yeast extract-peptone-dextrose medium at 30°C in an air incubator. For selection of the specific phenotype, yeast transformants were grown on synthetic dropout medium (medium lacking tryptophan, leucine, and histidine) supplemented with 50 mM 3-amino-1,2,4-triazole (3-AT; Sigma). Escherichia coli DH5␣ was used for plasmid propagation, E. coli BL21 for production of glutathione transferase (GST) fusion proteins, and E. coli HB101 for selection of library plasmids. For in vivo interaction assays Cos-7 cells were grown in 100-mm-diameter dishes to 70% confluency. Adherent cells were transfected with 10 g of pcDNA3.1-E2F1 and/or 15 g of pCAGGS-GABP␥1 for 6 h in a total volume of 2.5 ml. All transfections were done using the cationic liposomal transfection reagent DAC-30 (R. Rezka, Max-Delbrück Center, Berlin, Germany). Cells were then serum starved for 18 h. Growth medium (10 ml, 10% FCS) was added, and the cells were incubated further for a total of 48 h. Transfection efficiency was between 30 and 40% as evaluated by cotransfection of 0.5 g of a cytomegalovirus (CMV)-driven green fluorescent protein (GFP) expression plasmid (pEGFP-N1; Clontech).
Two-hybrid screens. The E2F1 cDNA comprising amino acids 243 to 437 was PCR cloned as a BamHI fragment in frame with the Gal4 DNA-binding domain of pAS2-1 (Clontech) and was used as bait for the yeast two-hybrid screen. This E2F1 bait comprised the marked box, the transactivation region, and the pRb interaction domain but lacked the N-terminal cyclin A-binding region, the DNAbinding domain, and most of the dimerization region. A randomly cloned human adult heart cDNA library (HL4013AB, lot 51034; Clontech) fused to the Gal4 activation domain of pGAD10 was used as prey. Yeast Y190 cells were simultaneously cotransformed with pAS2-1-E2F1 plasmid and pGAD10 library plasmid by using standard lithium acetate transformation procedures. Yeast transformant mixtures were plated on synthetic dropout medium and were incubated for 5 to 8 days. For confirmation of protein interaction, the primary His ϩ transformants were tested for expression of the second reporter gene lacZ by using a colony lift ␤-galactosidase filter or liquid assay. Approximately 7 ϫ 10 6 transformants were screened for their ability to grow in the absence of histidine, and 183 positive colonies were identified. For elimination of the DNA-binding domain plasmid pAS2-1-E2F1, chemically competent E. coli HB101 (LeuB Ϫ ) was transformed with plasmid DNA isolated from yeast and grown on M9 medium lacking L-leucine. Selectively recovered library plasmids were transformed into E. coli DH5␣, and each individually cDNA was sequenced using the big dye terminator cycle sequencing kit according to the manufacturer's specifications (Abiprism; Perkin-Elmer). Clones containing cDNAs encoding proteins of the respiratory chain or the contractile apparatus or which were in the antisense orientation and/or out of frame were discarded. The remaining 17 clones were retransformed into yeast Y190 and screened for fortuitous interaction with pLAM5Ј-1 encoding a Gal4 DNA-binding/human lamin C hybrid (Clontech; data not shown).
In vitro protein interaction assays. For GST fusion binding assays, cDNAs encoding C-terminal GST fusion proteins for DP1, wild-type (wt) E2Fs, and various truncated E2F1 mutants were PCR cloned as a BamHI construct into the pGex-1T vector (Pharmacia). GST-GABP␣, -GABP␤1, or -GABP␥1 and E2F1 (⌬277-350) were in pGex-2T. For generation of GST fusion proteins, 100 ml of Luria-Bertani medium containing 100 g of penicillin/ml was inoculated with 5 ml of overnight culture of E. coli BL21 cells transformed with GST fusion protein plasmids. After 1 h, protein expression was induced by addition of 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma) for 4 h with shaking at 220 rpm and at 37°C. Cellular extracts were prepared by lysis for 20 min at 4°C with 2.0 ml of NETN buffer composed of 20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% (vol/vol) NP-40, 10% (vol/vol) glycerol, 1.0 mM dithiothreitol (DTT), 1.0 mg of lysozyme (Sigma)/ml, 50 U of DNase I (Sigma)/ml, and 1.0 mM phenylmethylsulfonyl fluoride. Crude extracts were sonicated for 1 min and cleared by centrifugation at 18,000 ϫ g at 4°C for 30 min. In vitro binding assays were performed by immobilizing equal amounts of GST fusions for 30 min at room temperature on 25 l of glutathione Sepharose 4B beads (Pharmacia) preblocked for 30 min with 1.0% bovine serum albumin (BSA) (fraction V; Sigma) in NETN binding buffer with the omission of DNase I. For in vitro transcription/translation reactions of GABP␣-, GABP␤1-, or GABP␥1 cDNAs in pcDNA3.1 (Invitrogen), a T7 RNA polymerase-dependent, TNT-coupled reticulocyte lysate system (Promega) and L-[ 35 Preparation of cellular extracts. Cos-7 cells were lysed in a buffer composed of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% (vol/vol) Triton X-100, 5.0 mM EDTA, 5.0 mM DTT, 1.0 g of leupeptin/ml, 2.0g of aprotinin/ml, 5.0 mM NaF, and 0.1 mM Na 3 VO 4 (all from Sigma) for 30 min on ice and sonicated for 5 s, and cellular extracts were centrifuged for 30 min at 18,000 ϫ g at 4°C. The protein content was determined with the Coomassie protein assay (Pierce). Neonatal ventricular cardiomyocytes (2 ϫ 10 6 cells) were isolated as decribed earlier (42) and were lysed in 500 l of radioimmunoprecipitation assay buffer (10 mM Na 2 HPO 4 , pH 7.0, 300 mM NaCl, 0.1% [wt/vol] SDS, 1.0% [vol/vol] NP-40, 1.0% [wt/vol] Na-deoxycholate, 2.0 mM EDTA, 1.0 mM DTT, and protease/phosphatase inhibitors as described) for 30 min on ice.
Immunoprecipitation and Western blotting. The following antibodies were used: E2F1 (sc-193), DP1 (sc-610), p27 KIP1 (sc-527), pRb (sc-050), and p130 (sc-317; all from Santa Cruz) and GFP (rabbit polyclonal; Clontech). Mouse monoclonal antisera to GABP␣ or GABP␤1 or rabbit polyclonal antiserum to GABP␥1 was kindly provided by H. Handa (Tokyo Institute of Technology, Yokohama, Japan). Cellular extracts (500 g of total protein in 500 l of 1.0-mg/ml BSA in lysis buffer) were incubated with 50 l of protein A-or (for mouse monoclonal antibodies) protein G-agarose beads (Roche) preblocked with 1.0% (wt/vol) BSA in lysis buffer and were incubated with antibodies (1.0 g/ml) overnight at 4°C on a rotating wheel. For coimmunoprecipitation studies, immunocomplexes were dissociated in 25 l of lysis buffer containing 1.0% (wt/vol) SDS. Lysis buffer was added to give a final concentration of 0.1% SDS, and the supernatant was incubated with 50 l of protein A-agarose beads for 1 h at 4°C. The supernatant was transferred to fresh protein A-agarose beads; antibodies to pRb, p130, E2F1, or GABP␤1 and p27 KIP1 as negative controls were added and were incubated for 2 h at 4°C. Immune complexes were then washed three times with lysis buffer and were eluted in 50 l of SDS sample buffer. Boiled samples (25 l) were electrophoretically separated, transferred to polyvinylidene difluoride membranes, and blocked, and primary antibodies (0.2 to 1.0 g/ml) were incubated overnight at 4°C on a rotary platform with gentle agitation. They were subsequently probed with secondary horseradish peroxidase (HRF)-conjugated anti-mouse or anti-rabbit immunoglobulin G antibodies (diluted 1:5,000; Amersham). Equal loading was confirmed by resolving 50 g of total protein by SDS-PAGE and probing with anti-GFP or anti-sarcomeric actin antibody (Mob 128, diluted 1:200; Biotrend). Detection was carried out using the enhanced chemiluminescence assay (Amersham).
Immunofluorescence and in situ apoptosis assay. Unless otherwise stated, solutions were made in phosphate-buffered saline (PBS) with 1.5 mM MgCl 2 and 1.0 mM CaCl 2 (pH 7.2), and manipulations were performed at room temperature. Saos-2 cells grown on 10-mm-diameter coverslips were transfected with various combinations of either 1.0 g of pcDNA3.1-E2F1, E2F1 (1-374), E2F1 (132), or E2F1⌬24; 0.5 g of pcDNA3.1-DP1; 2.0 g of pcDNA3.1-GABP␥1; or 2.0 g of GABP␤1 and 0.05g of pEGFP-N1 using the cationic liposomal reagent DAC-30. The transfection efficiency was in the range of 30 to 40%. At 24 h after transfection, cells were fixed with 3.7% formalin for 10 min. Cells were permeabilized with 0.1% (vol/vol) Triton X-100 for 10 min and blocked in 5.0% goat serum (Sigma)-0.2% (vol/vol) Tween 20 for 1 h. Cells were then incubated with primary antibodies (diluted 1:40 in blocking buffer) overnight at 4°C on a rotary shaker with gentle agitation. Samples were washed twice with PBS-0.1% (vol/vol) NP-40 (Roche) and incubated with fluorescein isothiocyanate-conjugated secondary goat anti-rabbit antibody (diluted 1:100 in PBS-0.1% NP-40; Sigma) for 1 h. Cells were incubated with mouse monoclonal antibody to antiactin (diluted 1:100 in PBS-0.1% NP-40) for 1 h and subsequently with tetramethyl rhodamine isothiocyanate-conjugated secondary goat anti-mouse antibody (diluted 1:100 in PBS-0.1% NP-40; Sigma) for 1 h. Slides were then mounted in glycerol-2.5% (wt/vol) 1,4-diazabicyclo-[2.2.2]octane (DABCO; Sigma) and were examined by fluorescence microscopy. For in situ detection of fragmented genomic DNA, a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was used according to the manufacturer's instructions (ApoAlert DNA fragmentation assay kit; Clontech). All immunofluorescence experiments were performed on three coverslips and repeated twice. For the quantitative analyses 200 nuclei were counted in random fields. Statistical significance was determined using the unpaired t test (StatView software). P of Ͻ0.05 was considered statistically significant. Transactivation assays. The following luciferase constructs were used in transactivation assays: pI-H2A-68 (containing a TATA box, a CAAT box, and an E2F consensus binding site, 5Ј-TTTCGCGC-3Ј) and pI-H2A-68‫ء‬ (identical to pI-H2A-68 except for the mutated E2F site 5Ј-GGATCTCC-3Ј) (30) . Saos-2 cells (5.0 ϫ 10 5 ) exponentially grown in six-well plates were transfected using the cationic liposomal reagent DAC-30 with 3.0 g of either pcDNA3 1-E2F1, E2F1 (1-374), E2F1 (E132), or E2F1 ⌬24; 1.0 g of pcDNA3.1-DP1; and 6.0 g of pCMV-HA-pRb (kindly provided by C. Brandt, Max Delbrück Center); 5.0 g of pcDNA3.1-GABP␣; 5.0 g of GABP␤1; 5.0 g of GABP␥1; 3.0 g of pI-H2A-68; 3.0 g of pI-H2A-68‫;ء‬ and 0.5 g of pSV-␤-galactosidase. Luciferase assays were carried out using Promega's luciferase assay system with reporter lysis buffer and a Berthold LB 9501 luminometer. Whole-cell lysates were incubated on ice for 20 min, sonified for 5 s, and centrifuged for 30 min at 18,000 ϫ g at 4°C. For determination of luciferase activity, 20-l cellular extracts (2 to 3 g/l of total protein) were used. To correct for transfection efficiencies, the activity of ␤-galactosidase in the lysate was measured using standard methods.
Gel shift assays. Saos-2 cells were transfected with CMV-driven E2F1, DP1, GABP␤, and GABP␥1 expression plasmids as described above. Transfected cells were lysed in a buffer (12) composed of 20 mM HEPES (pH 7.6), 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride (all from Sigma) and 25% (vol/vol) glycerol for 30 min on ice and sonicated for 5.0 s, and cellular extracts were centrifuged for 60 min at 18,000 ϫ g at 4°C. The supernatants were snap frozen in liquid nitrogen and stored atϪ80°C. Cell extracts (2.0 l containing 2 to 5 g of total protein) were added directly to 15 l of binding buffer (12) (20 mM HEPES, pH 7.6, 40 mM KCl, 1.0 mM MgCl 2 , 0.1 mM EDTA, and 0.1% NP-40) and 1.0 l (2.0 g) of sonified herring sperm DNA (Sigma). Antibodies were concentrated using Centricon-3 microconcentrators according to the manufacturer's procedures (Amicon). The antibody concentration was adjusted to 1.0 g/l with binding buffer. To prove the presence of specific proteins, 1.0 l of antibody solution was included in the binding reaction. The E2F probe (ATTTAAGTTTCGCGCCCTTTCCAA; synthesized by BioTez, Berlin, Germany) and the mutant E2F probe (ATTTAAG TTTCGatCCCTTTCCAA) (boldfacing indicates the E2F recognition sequence; lowercasing indicates mutated bases) (49) were end labeled with polynucleotide kinase (NEB) and [␥-
32 P]ATP (111 MBq/mmol; New England Nuclear). An aliquot of 0.5 ng (1.0 l in binding buffer) of 32 P-labeled wt E2F oligonucleotide was included in the binding reaction. The reaction mixture was incubated for 60 min at room temperature. To test the specificity of binding, a 100-fold oligonucleotide excess (50 ng; 1.0 l in binding buffer) of either wt or mutant E2F DNA-binding site was included in the reaction mixture. The reaction solutions were separated on a 6% polyacrylamide gel in 0.25ϫ Tris-borato-EDTA at 180 V for 5 h after the gel was prerun for 1 h at 180 V. The dried gel was analyzed using a PhosphorImager and TINA software (Raytest).
Northern blotting. Saos-2 cells (10 6 cells) grown in six-well plates were washed once with ice-cold PBS and were lysed with 1.0 ml of Trizol (Gibco). Total RNA was isolated according to the manufacturer's procedure. A 15-g portion of total RNA was resolved on a denaturing 1.5% agarose-formaldehyde gel, electrotransferred onto nitrocellulose membrane (OPTITRAN BA-S85; Schleicher & Schuell, Dassel, Germany), and cross-linked (UV-Stratalinker; Stratagene). PCR-amplified full-length human cDNAs (100 to 200 ng) to Apaf-1, caspase 3, and caspase 7 were nick labeled with [␣-32 P]dCTP (111 MBq/mmol; NEN) and the multiprime DNA-labeling system (Pharmacia). Unbound radioactivity was removed applying Microspin G-25 columns according to the manufacturer's instructions (Pharmacia Biotech). The membranes were reprobed to assess equivalent loading with a full-length rat glyceraldehyde-3-phosphate-dehydrogenase (GAPDH)-cDNA probe. The amount of incorporated radioactive label was quantified with a PhosphorImager and TINA software (Raytest).
RESULTS
Two-hybrid screen reveals interaction of GABP␥1 with the transactivation domain of E2F1. The yeast two-hybrid system was employed for the identification of proteins that might play a role as cofactors for E2F1 in cardiac cells. Carboxy-terminal amino acid residues 243 to 437 of human E2F1 were fused in frame to the Gal4 DNA-binding domain (Gal4BD) of pAS2-1 (Fig. 1A) . Important for a meaningful screen for interacting proteins, this E2F1 construct does not activate HIS3-␤-galactosidase expression in the yeast strain S. cerevisiae Y190 by itself. Screening of a human adult heart cDNA delivered a variety of E2F1-interacting factors. From 7 ϫ 10 6 transformants, the coding sequence of one such clone was GABP␥1. The rescued GABP␥1 prey plasmid isolated in the two-hybrid screen comprised the carboxy-terminal amino acids 149 to 347 and thus lacked the four ankyrin repeat motifs (Fig. 1A) .
In the next step, the specificity of interaction between E2F1 and GABP␥1 was proven by cotransformation of yeast cells with the rescued Gal4AD-GABP␥1 and Gal4BD-E2F1 plasmids. As shown in Fig. 1B , neither E2F1 nor GABP␥1 alone activated the Gal4 assay. Only when transfected together did the N-terminally truncated mutant proteins E2F1 and GABP␥1 cooperate in reconstitution of the Gal4 activator, leading to transcription from the ␤-galactosidase promoter in this assay. As a positive control, the result of interaction of Gal4BD-murine wt p53 with Gal4AD-simian virus 40 large T antigen in the liquid ␤-galactosidase assay is shown.
In vitro association of E2F1 and GABP␥1. The specificity of the interaction between E2F1 and GABP␥1 was further tested with various GST-tagged E2F1 mutants ( Fig. 2A) and in vitrotranslated L-[
35 S]methionine-labeled recombinant GABP proteins. As shown in Fig. 2B, lane 1 (top panel) , full-length GST-E2F1 was able to bind full-length GABP␥1. As a positive control, binding of GABP␥1 to immobilized GST-GABP␣ is shown in Fig. 2B, lane 9 (top panel) . In contrast, no binding was observed when in vitro-translated GABP␣ and GABP␤1 replaced GABP␥1 in the GST pulldown assay (Fig. 2B , middle and bottom panels). In Fig. 2B , lane 8 (middle panel), GST-GABP␤1 was probed with GABP␣. In Fig. 2B , lane 8 (bottom panel), GST-GABP␣ was incubated with GABP␤1. In conclusion, E2F1 binding appears to be restricted to GABP␥1, since GABP␣ and GABP␤1 failed to exhibit an interaction with E2F1 in this experimental setup.
Among GST fusion proteins containing different regions of E2F1 ( Fig. 2A) , E2F1 (243-437) and E2F1 (310-437) but not E2F1 (1-243) and E2F1 (1-310) were able to bind GABP␥1 (Fig. 2B, lanes 2 to 5) . In addition, the GST-E2F1 deletion mutant E2F1 (⌬277-350), which partially lacked overlapping regions of the marked box region and transactivation domain, and the C-terminal truncated mutant E2F1 (1-400), which was devoid of the pRb binding domain, failed to show significant binding to GABP␥1 (Fig. 2B, lanes 6 and 7, top panel) . These data suggest that the sequence comprising C-terminal amino acid residues 310 to 437 of E2F1 (encompassing the transactivation and pRb binding domain) contains the GABP␥1 interaction surface.
Since amino acids 1 to 332 of GABP␥1 and GABP␤1 are almost identical, we hypothesized that differences in the C terminus of GABP␥1 (333-347) contribute specificity to the E2F1/GABP␥1 interaction (37, 41) . To address the question of how such a short peptide might confer selectivity in E2F binding, GST-GABP␤1 (1-332) lacking the C-terminal dimerization domain was tested to bind in vitro-translated, wild-type E2F1. As shown in Fig. 2B (top panel, lane 10 ) the [
35 S]-labeled E2F1 indeed bound to GST-GABP␤1 (1-332).
Except for amino acid residue 213, where GABP␤1 carries an additional valine, GABP␥1 (1-332) shares an identical amino acid sequence with the corresponding GABP␥1 protein. GABP␥1 has only 15 additional C-terminal amino acids as opposed to mutant GABP␤1 (1-332). The C-terminal region 334-383 of GABP␤1 is reportedly necessary for transactivation activity and formation of GABP␤1 homodimers (37) . In contrast, GABP␥1 lacks a comparable functional domain (38) . Our data provide experimental evidence but do not conclusively prove that the homodimerization domain in GABP␤1 interferes with E2F1 binding.
GABP␥1 interacts specifically with E2F1 and not with other E2F family members. In the next set of experiments the binding of GABP␥1 to other E2F family members was analyzed. GST-E2F fusion proteins were immobilized on glutathione Sepharose beads and incubated with in vitro-translated [
35 S]-labeled GABP␥1. GST-DP1 (as a negative control) (Fig. 3,  lane 8 ) and GST-GABP␣ (as a positive control) (Fig. 3, lane 9) were included in the binding reactions. In vitro-translated GABP␥1 was pulled down by GST-GABP␣ and gave rise to a band of approximately 47 kDa, indicative for a sufficient amount of GABP␥1 protein input in the binding reaction mixtures (Fig. 3, lane 9) . Importantly, only GST-E2F1 and neither of the other E2F family members nor DP1 fused to GST pulled down radiolabeled GABP␥1 protein under these experimental conditions (Fig. 3, lanes 4 to 7) .
E2F1 and GABP␥1 interact in vivo. Experimental evidence for an in vivo interaction between GABP␥1 and E2F1 was obtained by coimmunoprecipitation of cellular extracts prepared from transiently transfected Cos-7 cells overexpressing E2F1 and GABP␥1. In Fig. 4A and B, E2F1/GABP␥1 immu- , GST-GABP␣ was tested for binding to in vitro-translated GABP␤1. Samples were electrophoretically separated on SDS-10% PAGE and were subjected to autoradiography. noprecipitations were carried out using antibodies as indicated on the left, whereas Western blots were probed with antibodies as indicated on the bottom. Polyclonal antibody to E2F1 specifically precipitated E2F1 from Cos-7 cells transfected with E2F1 expression plasmid, whereas a weak signal was detectable when the same sample was probed with antisera to GABP␥1 (Fig. 4A, lanes 2 and 4) . This result was further confirmed in the reciprocal experimental setup, where anti-GABP␥1 immunoprecipitates from GABP␥1-transfected Cos-7 cells reacted with anti-GABP␥1 but not anti-E2F1 antibody in the Western blot (Fig. 4A, lanes 1 and 5) . Incubation of extracts derived from E2F1/GABP␥1-cotransfected cells with an antibody to E2F1 immunoprecipitated GABP␥1 (Fig.  4A , top panel, lane 6.) In the reciprocal experiment, immunoprecipitation with an antibody to GABP␥1 specifically pulled down E2F1 (Fig. 4A, bottom panel, lane 3. ). Importantly, in immunoprecipitations carried out with antibodies to GABP␤1 or p27 KIP1 , we did not detect E2F1 and GABP␥1 in Western blots (Fig. 4B) . In summary, the coimmunoprecipitation studies of ectopically expressed proteins provided conclusive experimental evidence for an in vivo interaction between GABP␥1 and E2F1.
Endogenous E2F1 and GABP␥1 are associated in cardiomyocytes. Cardiomyocyte extracts were analyzed for the assoziation of endogenous E2F1 and GABP␥1 proteins by a twostep immunoprecipitation procedure as described under Materials and Methods. As shown in Fig. 4C , E2F1 was detectable in anti-GABP␥1 and anti-E2F1/DP1 immunoprecipitates. The association of endogenous E2F1/GABP␥1 proteins was further corroborated in the reciprocal experiment, where GABP␥1 was cosedimented in anti-E2F1 and anti-GABP␥1/ DP1 immunoprecipitations (Fig. 4D) . In contrast, antibodies specific to GABP␣ and -␤1 failed to pull down E2F1 (Fig. 4C , lanes 5 and 6), whereas anti-E2F4 or anti-p130 immunoprecipitates did not contain GABP␥1 (Fig. 4D , lanes 5 and 6) in negative control immunoprecipitation experiments. In the same set of experiments, we addressed the question whether endogenous pRb is also associated with E2F1/GABP␥1. For that purpose, pRb was depleted from whole cellular extracts of isolated ventricular myocytes with specific antibodies. The antipRb immunocomplexes contained significant amounts of E2F1 (Fig. 4C, lane 2) and GABP␥1 (Fig. 4D, lane 4) . In summary, our data provide substantial experimental evidence that GABP␥1 and E2F1 associate in cardiomyocytes in vivo.
E2F1 and GABP␥1 complexes bind DNA. To determine whether E2F1/GABP␥1 complexes exhibit DNA-binding activity in vivo, Saos-2 cells were transfected with E2F1, DP1, GABP␥1, and GABP␤1 expression plasmids and gel mobility shift assays were performed as described in Materials and Methods. Examination of functional DNA-binding activity in extracts from these cells showed that E2F1 and DP1 proteins bound to the consensus E2F DNA-binding site in E2F1/DP1 cotransfections (Fig. 4E, lane 3) . Coexpression of GABP␥1 or GABP␤ did not interfere with E2F DNA-binding activity (Fig.  4E, lanes 4 and 5) . We repeatedly found no modification of the migration velocity of the E2F1 band in the presence of exogenous GABP␥1, which most likely is due to the excess protein levels of endogenous GABP␥1 compared to E2F1 in exponentially growing Saos-2 cells. Addition of a polyclonal antibody against E2F1 to the DNA-binding reaction of cellular extracts from E2F1/DP1 cotransfections produced a supershifted complex with a lower electrophoretic mobility (Fig. 4E, lane 6) . Importantly, addition of antibodies against E2F1 (Fig. 4E, lane  7) or GABP␥1 (Fig. 4E, lane 8 ) gave rise to a further supershift in E2F1/DP1/GABP␥1 cotransfections. Addition of an anti-GABP␤ antibody did not exert a decrease in electrophoretic mobility (Fig. 4E, lane 9) . Our data show that GABP␥1 participates in E2F1 DNA-binding activity in vivo.
Cooperation of E2F1 and GABP␥1 leads to enhanced E2F-dependent transcriptional activation. To elucidate whether the observed interaction of E2F1 and GABP␥1 has a functional role in gene expression, the effect of GABP␥1 on E2F1-mediated gene transcription was investigated. Since E2F1-dependent transcriptional activation is under negative control of pRb by binding to the activation domain of E2F, Saos-2 cells were employed expressing a carboxy-terminally truncated, physiologically inactive pRb protein (14) . E2F-dependent transcriptional activation was analyzed with a replication-dependent S-phase-specific human histone H2A.1 luciferase reporter construct. The plasmid pl-H2A-68 contains the luciferase cDNA under the control of an upstream E2F consensus element which is mutated in pl-H2A-68‫ء‬ (30) . Exponentially growing Saos-2 cells were transiently transfected alone or in combination with E2F1, DP1, GABP, and pRb expression plasmids together with the reporter constructs, as indicated in Fig. 5A . Cotransfection of E2F1/DP1 stimulated basal pl-H2A-68 activation 5.4-fold (Fig. 5A, lane 2) , as opposed to 0.1-fold activation when pl-H2A-68‫ء‬ was transfected carrying the mutated E2F-binding site (Fig. 5A, lane 11) . Transcription from E2F-dependent promoters is suppressed by pRb, and this was previously shown for pl-H2A-68 (30) . As expected, E2F1-dependent luciferase activity of the pl-H2A-68 reporter was attenuated to 1.7-fold by pRb overexpression (Fig. 5A, lane  14) . Surprisingly, cotransfection of GABP␥1 with E2F1/DP1 led to a 2.6-fold increase in luciferase activity as compared to E2F1/DP1 (Fig. 5, lane 3) . The modulation of E2F1 transactivation capacity by GABP␥1 did not require simultaneous expression of DP1 (Fig. 5A, lane 4) . Ectopic expression of pRb resulted in a 93% repression of the pl-H2A-68 reporter in E2F1/DP1/GABP␥1 cotransfections (Fig. 5A, lane 13) . The promoting impact on E2F-regulated promoter activity by GABP␥1 suggests that the association of GABP␥1 and E2F1 7) . As negative control, GST-DP1 was reacted with in vitro-translated GABP␥1 (lane 8). As positive control, GST-GABP␣ was tested for binding to in vitro-translated GABP␥1 (lane 9). Binding reactions and detection were performed as described in Materials and Methods.
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FIG. 4. In vivo interaction between E2F1 and GABP␥1. (A and B)
Exponentially growing Cos-7 cells were transiently transfected with expression plasmids carrying full-length human cDNAs as indicated by the upper panel. Total cellular extracts were incubated with specifc antibodies to E2F1, GABP␥1, GABP␤, or p27 KIP1 as indicated. Samples were electrophoretically separated and transferred to polyvinylidene difluoride membranes. Western blot (WB) detection was performed by incubation of membranes with anti-E2F1 or anti-GABP␥1, as indicated on the bottom, or anti-GFP antibodies (for equivalent loading) and HRP-conjugated secondary antibody to rabbit immunoglobulins using the enhanced chemiluminescence system (Amersham). IP, immunoprecipitation. (C and D) Association of E2F1 and GABP␥1 in cardiomyocytes. Total cellular extracts (500 g) from unstimulated, isolated cardiomyocytes were immunoprecipitated with specific antibodies as indicated (top). Immobilized immunocomplexes were subjected to secondary immunoprecipitations using the indicated antibodies (top) as described in Materials and Methods. Western blot detection was done with antibodies indicated on the bottom. (E) E2F1/GABP␥1 complexes bind DNA. Saos-2 cells were transiently transfected with expression plasmids expressing E2F1, DP1, GABP␥1, or GABP␤1 as indicated on the top. Cellular extracts were tested for binding to a To analyze the ratio of E2F1 to GABP␥1 in the control of E2F-dependent transcription from pl-H2A-68, various amounts of GABP␥1 and E2F1 expression plasmids were cotransfected into Saos-2 cells along with constant amounts of DP1 and pl-H2A-68. When decreasing amounts of GABP␥1 were transfected with constant amounts of E2F1 expression plasmids, transactivation values were found to decrease (Fig. 5B, lanes 1 to 4) . When the amount of GABP␥1 plasmid was reduced to 60%, the luciferase activity was reduced to 63% (Fig. 5B, lanes 1 and 2) . Conversely, when decreasing amounts of E2F1 were transfected with constant amounts of GABP␥1 expression plasmid, the promoter activity was also reduced in a dosage-dependent manner (Fig. 5B, lanes 6 to 8) . Collectively, these data show that E2F1-mediated transcriptional activation is controlled by a quantitative ratio of E2F1 and GABP␥1.
To further specify the impact of GABP␥1 on E2F-dependent gene transcription, three E2F1 mutants were tested in transient-transfection assays. In mutant E2F1 (1-374) the transactivation domain has been deleted (14, 31) . E2F1 (E132) carries a point mutation within the DNA-binding domain and thus fails to bind DNA (14, 31) . Both E2F1 (1-374) and E2F1 (E132) are transcriptionally inactive mutants which reportedly are unable to transactivate E2F-dependent promoter constructs (14, 31) . In E2F1 ⌬24 the N-terminally located cyclin A-binding site has been deleted (22, 23) . In contrast to E2F1 (E132) and E2F1 (1-374), E2F1 ⌬24 was shown to be capable of activating E2F-dependent promoters to approximately the same extent as wt E2F1 (31) . As expected, cotransfection of E2F1 (1-374) and GABP␥1 did not induce H2A gene transcription, showing that the transactivation domain of E2F1 is required for GABP␥1 to superstimulate this reporter (Fig. 5C,  lanes 4 and 5) . In addition, ectopic E2F1 (E132)/GABP␥1 did not induce luciferase reporter activity over a basal level (Fig.  5C, lanes 6 and 7) . Therefore, a functional E2F1 DNA-binding domain is required for GABP␥1 to exert its facilitating effect on E2F-dependent transactivation. In contrast, the cyclin Abinding domain of E2F1 is obviously dispensable for the activation of this promoter, as cotransfection of E2F1 ⌬24/ GABP␥1 led to an increase in luciferase activity comparable to that of wt E2F1/GABP␥1 (Fig. 5C, lanes 1 to 3, 8 and 9) .
Interaction of E2F1 and GABP␥1 represses E2F1-dependent apoptosis. To study the effect of GABP␥1 on the proapoptotic activity of E2F1, exponentially growing Saos-2 cells grown on coverslips were transiently transfected with E2F1 alone or in combination with GABP␥1 or DP1 expression plasmids. At 24 h postinfection, marked apoptosis, as demonstrated by TUNEL assay, Hoechst staining for integrity of nuclei ( Fig. 6A and B) , and FACS analysis (Fig. 6C) , could be observed in cells overexpressing E2F1 (4.1-fold induction versus GFP-infected cells) or E2F1/DP1 (3.7-fold induction versus GFP transfections as evaluated by TUNEL) (Fig. 6A and  B) . In contrast, cotransfection of E2F1/GABP␥1 and E2F1/ DP1/GABP␥1 led to a significantly reduced rate of TUNELpositive apoptotic Saos-2 cells (1.1-and 1.4-fold induction versus E2F1 alone), which was corroborated by FACS analysis (Fig. 6C) .
To analyze the importance of E2F1 DNA-binding and transactivation activity regarding an antiapoptotic function of GABP␥1, we tested the transactivation-defective mutants E2F1 (1-374) and E2F1 (E132) (Fig. 7) . E2F1 (1-374) induced apoptosis to a significantly higher degree than did wt E2F1. As The transactivation domain of E2F1 is required for the modulation of E2F1 transcriptional activity by GABP␥1. In E2F1 (1-374) the transactivation domain has been deleted. The point mutant E2F1 (E132) carries a mutation within the DNAbinding domain. In E2F1 ⌬24 the N-terminally located cyclin A-binding site has been deleted. Exponentially growing Saos-2 cells were transiently transfected with expression plasmids and reporter constructs as described in Materials and Methods. pI-H2A-68 carries a wt E2F consensus DNAbinding site, whereas this site is mutated in pl-H2A-68‫.ء‬ Luciferase activity was determined from whole-cell extracts containing 60 g of total protein. Fold activation of luciferase activity was corrected for ␤-galactosidase expression as described in Materials and Methods. Mean values and standard deviations of three independent experiments are presented. opposed to the case for wt E2F1, E2F1 (1-374)-mediated apoptosis was not susceptible to repression by cotransfected GABP␥1 as analyzed by TUNEL assay (Fig. 7A and B) and determination of the number of cells with a hypodiploid DNA content residing in sub-G 1 by flow cytometry (Fig. 7C) . Since the E2F1 transactivation domain encompasses the GABP␥1 binding site, the loss of the antagonistic effect of GABP␥1 on apoptosis induced by the mutant E2F1 (1-374) is not surpris-
Inhibition of E2F1-dependent apoptosis through GABP␥1 requires the E2F1 transactivation domain. Saos-2 cells were transfected in various combinations with wt E2F1, E2F1 (1-374), E2F1 (E132), E2F1 ⌬24, DP1, and GABP␥1 expression plasmids as described in Materials and Methods. Saos-2 cells were transfected with expression plasmids as indicated and were prepared for immunocytochemical detection of apoptosis by TUNEL assay (A and B) and FACS analysis (C) as described for Fig. 6 (values are mean Ϯ standard deviations, n ϭ 3; †, P Ͻ 0.05 versus mock-infected cells, ‫,ء‬ P Ͻ 0.05 versus E2F1 alone in cells overexpressing E2F1).
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ing. Moreover, coexpression of GABP␥1 led to the inhibition of E2F1 ⌬24-triggered apoptosis, implying that the cyclin Abinding site of E2F1 is not required for this function of GABP␥1 (Fig. 7A) . The DNA-binding defective mutant E2F1 (E132) failed to exhibit any proapoptotic activity in our experimental setup (Fig. 7A) , which is in accordance with previous studies (14, 31) . Collectively, these data indicate that an intact E2F1 transactivation domain is dispensable for the proapoptotic effect of E2F1, while it is required for GABP␥1 to suppress E2F-dependent apoptosis.
GABP␥1 inhibition of E2F1-dependent apoptosis involves repression of proapoptotic gene transcription.
To analyze whether the inhibition of E2F1-dependent apoptosis by GABP␥1 involves transcriptional repression of E2F target genes, Northern blot experiments were performed employing full-length cDNAs to Apaf-1 and caspases 3 and 7, which were recently identified to be directly regulated by E2F1 (28) . The mRNA levels of Apaf-1 and caspases 3 and 7 were significantly increased in apoptotic Saos-2 cells overexpressing E2F1/DP1 (Fig. 8A and B, lane 2) . Importantly, coexpression of GABP␥1 decreased the transcript levels of all three proapoptotic factors close to control levels ( Fig. 8A and B, lane 3) . These data show that the inhibitory effect of GABP␥1 on E2F1-dependent apoptosis involves the downregulation of E2F1-mediated expression of proapoptotic genes. However, transient expression of E2F1 (1-374) lacking the transactivation domain also resulted in significantly increased mRNA levels of Apaf-1 and caspases 3 and 7. Moreover, the increase in transcript levels observed in E2F1 (1-374) transfections remained unaffected by coexpression of GABP␥1 ( Fig. 8A and B, lanes 5 and 6) . Taken together, E2F1-mediated gene transcription of these proapoptotic factors does not require its transactivation domain. Although the precise mechanism of E2F1-dependent regulation of gene expression during the execution of apoptosis remains to be determined, our data imply that the inhibitory effect of GABP␥1 on E2F1-dependent cell death is elicited by mechanisms other than the modulation of the transactivation capacity of E2F1.
DISCUSSION
In this report we show that the ETS-related transcription factor GABP␥1 interacts with E2F1 in vitro and in vivo. The interaction surface of E2F1 to GABP␥1 was mapped to the transactivation domain of E2F1. GABP␥1 stimulates E2F1-dependent transcriptional activity and suppresses E2F1-mediated apoptosis. The latter involves the repression of proapoptotic genes by mechanisms other than the inhibition of the transactivation capacity of E2F1.
GABP is a heteromeric DNA-binding protein which consists of GABP␣, an ETS family member, and an ankyrin repeatcontaining protein (GABP␤1 or GABP␥1) (38) . GABP␣ and GABP␤ can form a heterotetrameric ␣ 2 ␤ 2 complex which efficiently stimulates gene transcription in vitro and in vivo. In contrast, association of GABP␣/GABP␥1 is devoid of any tran- FIG. 8 . Inhibition of E2F-dependent apoptosis by GABP␥1 involves repression of gene transcription. Saos-2 cells were transiently transfected with CMV-driven wt E2F1, E2F1 (1-374), DP1, and GABP␥1 expression plasmids. Total RNA was extracted at 24 h after infection. The blot was probed with full-length cDNAs to Apaf-1 and caspases 3 and 7, and mRNA levels were normalized using GAPDH expression as described in Materials and Methods. (38) . GABP␤1 exclusively requires association with GABP␣ for transcriptional transactivation. However, GABP␥1 reportedly binds to ETS family proteins other than GABP␣ (38) . GABP is involved in transcriptional regulation of the adenovirus early region 4 gene, herpex simplex virus immediate early gene promoter, Fas and cytokine receptor in hematopoietic lineages, cytochrome c oxidase, and steroid 16a-hydroxylase protein (1, 8) . Recently, transcription of the 180-kDa subunit of the DNA polymerase ␣ was shown to be regulated by E2F, GABP, and Sp1 (15), the latter of which interacts with E2F1 in a cell cycle-regulated manner (18) . A general requirement for GABP transcription factors to selectively induce gene transcription is cooperation with protein partners from unrelated families (9) . Therefore, transcription complexes often contain proteins from different families, ensuring controlled regulation of gene transcription during growth and development. In our study, GABP␥1 significantly augmented E2F1-dependent gene transcription in transient-transfection studies employing Saos-2 cells. Coexpression of pRb gave rise to an inhibition of pl-H2A-68 reporter stimulation by E2F1/GABP␥1 (Fig. 5) . The ability of pocket proteins to specifically interfere with the E2F-dependent transactivation of this particular promoter was analyzed extensively in vitro (30) . Therefore, our data suggest that pRb suppresses physiologically relevant E2F1/GABP␥1 complexes.
Recent reports demonstrated that E2F1-dependent apoptosis requires its DNA-binding domain but not the transactivation domain, which in contrast is necessary for S-phase entry (14, 31) . The E2F1 mutant (1-374) lacking most of the transactivation domain was previously shown to be even more effective in inducing apoptosis in Saos-2 cells than was wt E2F1 (14, 31) . Our study shows that GABP␥1 failed to inhibit apoptosis induced by mutant E2F1 (1-374), as opposed to fulllength E2F1 or E2F1 ⌬24, the latter of which in this regard was indistinguishable from wt E2F1 (Fig. 6 and 7) . The fact that GABP␥1 did not counteract E2F1 (1-374)-mediated apoptosis is due to the absence of the transactivation domain in E2F1 (1-374), which was identified as the interaction surface for GABP␥1 in vitro (Fig. 2) . In addition to the truncated mutant E2F1 (1-374) analyzed in this study, pRb-binding-defective E2F1 deletion mutants (e.g., E2F1 ⌬406-415) were demonstrated to induce apoptosis to the same extent as wt E2F1 (14) . In our study, we did not use these E2F1 mutants since a C-terminally truncated E2F1 (1-400), which is devoid of the pRb-binding domain, did not bind to GABP␥1 in GST pulldown assays (Fig. 2B) .
As reported previously, the association of E2F1 with its heterologous dimerization partner DP1 accelerates cellular death (13) . Simultaneous expression of MDM2 and E2F1/DP1 also leads to suppression of apoptosis in Saos-2 cells (25) . Interestingly, the antiapoptotic effect of MDM2 on E2F1-mediated apoptosis was dependent on the direct interaction of MDM2 with the DP1 unit of E2F1/DP1 heterodimers (25, 27) . Although E2F1 and E2F1/DP1 induced apoptosis to a comparable degree in this study, MDM2 was capable only of inhibiting E2F1-mediated cell death in the presence of DP1 (25) . In contrast to MDM2, GABP␥1 does not interact with DP1 directly as demonstrated by in vitro binding studies (Fig. 3) . In addition, our study revealed that cotransfection of GABP␥1 also led to suppression of E2F1-dependent apoptosis even when DP1 was not included in E2F1 transfections (Fig. 6A) . We infer from these data that GABP␥1 and MDM2 might control cellular E2F1 activity by distinct mechanisms. It appears tentative to speculate that GABP␥1 acts as a coactivator directing another unknown factor(s) to E2F transcription factor complexes, which in turn might then activate antiapoptotic processes.
To extend our results based on immunocytochemical detection of cell death (TUNEL and Hoechst staining) or flow cytometry analysis of cells with hypodiploid DNA content ( Fig.  6 and 7) , the impact of GABP␥1 on E2F-regulated gene transcription during E2F1-induced apoptosis was investigated. Northern blot analysis revealed that ectopic expression of E2F1 led to an increase in mRNA transcripts of E2F-regulated proapoptotic factors (Apaf-1 and caspases 3 and 7) involved in the execution of cell death (Fig. 8) . Cotransfection of GABP␥1 diminished the increase in transcript levels of all of these factors tested, suggesting that the inhibitory effect of GABP␥1 on E2F1-induced apoptosis involves the downregulation of E2F-regulated genes. Importantly, in light of the dispensability of the E2F1 transactivation domain for both E2F1-dependent induction of proapoptotic genes and execution of apoptosis, our data imply that GABP␥1 counteracts E2F1-induced apoptosis by mechanisms other than the modulation of its transactivation capacity. In this context, a recent study by Philips et al. (32) showed that E2F1 induces apoptosis in Saos-2 cells by downregulation of TRAF2 expression, which prevents the activation of the antiapoptotic factors NF-B and Jnk. Since E2F1-induced gene transcription of proapoptotic factors could involve repression of antiapoptotic complexes, a phenomenon attributed to E2F1-dependent gene transcription, one such mechanism could be GABP␥1-mediated derepression of such antiapoptotic complexes (42) .
GABP was shown to be involved in differentiation of skeletal muscle cells (36) , where elevation of pRb expression is a key event (10, 29) . Upon induction of myoblast differentiation, transcriptional activation of the pRb gene was strongly activated by interaction of GABP with bcl-3 (40) . Therefore, regulation of E2F1-dependent gene transcription by GABP␥1 might also be relevant for differentiation or maladaptive growth of heart muscle cells.
